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Towards advancing the indices of hurricane energetics that are associated with 
potential damage, we develop a new methodology for calculating integrated kinetic 
energy (IKE) climatology.  A simple, observation and dynamical – based radial wind 
speed model is used with the Extended Best Track dataset  to calculate IKE for North 
Atlantic Hurricanes from 1988 to 2008.  The method is evaluated against previous 
methods of tropical cyclone intensity analysis, and the results are compared to traditional 
indices in terms of characterizing storm energetics and relating to storm surge.  It is 
shown that the traditional indices are inaccurate measurements of hurricane energetics, 
and the assumptions that they are based on are not valid.  Furthermore, in analyzing 
storm surge, it is possible that tropical cyclone damage is more strongly correlated with 









Hurricane Ike of 2008 was a traditional, Cape Verde storm that formed in the 
eastern North Atlantic.  Ike made initial landfall in Cuba as a Category 5 hurricane on the 
Saffir Simpson Hurricane Scale (SSHS), and final landfall on the Texas coast as a 
Category 2.  The storm reached maximum size two days before final landfall with a gale-
force wind radius of 240 nm (444.5 km), and a radius of maximum wind speed of 80 nm 
(148 km).  It intensified a few hours later to 95 knots, and then made landfall on the 13th.  
Although Hurricane Ike was only a Category 2 when it began to devastate the Galveston 
coastline, it killed at least 20 people, and is the fourth most destructive hurricane to make 
landfall in the United States, with damages likely exceeding $19.3 billion.  The challenge 
is to explain how a Category 2 hurricane can do as much damage as Hurricane Andrew of 
1992 or Wilma of 2005, which was the most intense storm of the 2005 hurricane season. 
Tropical cyclone intensity is measured utilizing various techniques including 
satellite-based analysis and aircraft reconnaissance, which utilizes a variety of methods 
including dropsondes and Stepped Frequency Microwave Radiometer (SFMR)  
(Figure 1.1).  Together, pressure, wind, and sea state information is used in the creation 
of the “best track” intensity estimate for which the National Oceanic and Atmospheric 
Administration’s National Hurricane Center (NOAA NHC) is responsible for, and 
furthermore, is used to categorize storms on the SSHS (Table 1.1).  SSHS categories are 
in turn used as the primary classification technique communicated with the public. 
However, as in the case of Hurricane Ike of 2008, there are times when the SSHS 
and the maximum wind speed estimates do not accurately convey the destructive  
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FIGURE 1.1:  Example of intensity analysis tools used to create the NHC Best Track for 
Hurricane Ike (2008).  Local date and time are on the x-axis, and intensity (wind speed in 
knots) is on the y-axis.  Here, “Sat” refers to satellite, “AC” refers to aircraft, and “Drop” 





TABLE 1.1:  Saffir Simpson Hurricane Scale.  Note: The NHC has removed surge prediction 




potential of a tropical cyclone.  Although the SSHS warns of potential wind damage, 
there are other factors that in some storms play a larger role in damage, including storm 
surge and inland flooding.  Kantha (2006) suggests replacing the SSHS with a 
dynamically-based continuous scale in order to best communicate the potential 
destruction of a storm.  Furthermore, additional intensity indices such as integrated 
kinetic energy (IKE) have been created (Powell and Rheinhold 2007, Maclay and 
DeMaria 2008) in response to the need for a better metric to describe a storm’s 
destructive potential.  The main difference between IKE and traditional intensity scales is 
that IKE includes the measure of storm size. 
Integrated Kinetic Energy 
The Hurricane Research Division (HRD) of the Atlantic Oceanographic and 
Meteorological Laboratory created an IKE model (Powell and Rheinhold 2007) that uses 
H*Wind analyses (Powell et al. 1998) in order to integrate kinetic energy over the 






1 ρ  (1) 
where ρ is air density and U is 10 meter wind speed which is integrated over a volume 
(V) that is defined by the storm’s radial extent with a height of 1 meter.  The H*Wind 
analyses used in this calculation have a horizontal and vertical resolution of 6 and 1 
kilometers, respectively.  H*Wind is available for most tropical cyclones back to 1994 
and some prior storms; however, it is primarily dependent on the availability of aircraft 
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reconnaissance (AR).  Furthermore, 2008 is the first season for which the HRD IKE 
analyses are publicly available. 
 The benefit of the HRD IKE method is that it relies on a sophisticated wind 
analysis and therefore provides a high-resolution result, which is particularly desirable 
when wind radii are not consistent in all four quadrants of the storm.  However, it is 
unable to be extended back in time for climatology studies when storm structure 
observations from aircraft are unavailable. 
 Another measure, inner-core kinetic energy (ICKE), has also been suggested 
(Maclay and DeMaria, 2008), and analysis was performed for the purpose of determining 
the evolution of kinetic energy throughout the lifecycle of tropical cyclones.  ICKE is 
calculated by integrating the energy for a single air parcel over the volume of the disk 
(cyclone) and is of the form: 
 ∫∫∫ + dzrdrdvu θρ )(2
1 22  (2) 
where u is radial wind, v is tangential wind, ρ is air density, r is radius, θ is azimuth, and z 
is height.  In this study, the radius of maximum wind speed (RMW) is used as the outer 
radial limit for the model.  Maclay and Demaria (2008) suggests a Kinetic Energy 
Hurricane Scale based on these results; however, the use of the radius of gale – force 
winds (R34) would be more desirable in an IKE calculation in order to convey a tropical 
cyclone’s total kinetic energy. 
For any form of IKE to be useful in climatology studies, a method is needed that 
can extend back in time for storms with minimal in situ observations.  Here, a method is 
suggested that utilizes a simple radial wind speed model that can be run using any type of 
size and intensity measurement, whether aircraft or satellite.  For example, given a 
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consistent measure of storm size from satellite along with historical track data for tropical 
cyclones, a global climatology of tropical cyclone energy could be created that extends 
through the satellite era. 
Traditional Indices Associated With Energy and Potential Destruction 
 Traditional methods of tropical cyclone energy assessment include Accumulated 
Cyclone Energy (ACE; Bell et al. 2000) and the Power Dissipation Index (PDI; Emanuel 
2005).  These indices have been used not only to evaluate the total tropical cyclone 
energy of a season, but also to explain the variability of damage in the United States.  
However, these indices make several assumptions about the nature of storm structure and 
the variability of storm size on both the storm and seasonal time scales that have not been 
verified. 
 ACE is an index that has been used to measure the energy dissipated in a given 
hurricane season, and is even referred to as a measure of “integrated tropical cyclone 
energy” (e.g. Maue 2009).  ACE is calculated using 
 ∫ dtV 2max  (3) 
where Vmax is the maximum 10 meter wind speed of the tropical cyclone, and dt is the 
time over which it is integrated.  This calculation is performed when the cyclone is at 
least tropical storm strength (maximum sustained winds of 34 knots).  ACE originated in 
the State of the Climate report for 1999 (Bell et al. 2000) as an extension of the Hurricane 
Destructive Potential index, which is similar to ACE, but integrates the square of the 
maximum winds for times when a tropical cyclone was hurricane strength. 
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PDI was suggested (Emanuel 2005) as a way to address the monetary loss in 
tropical cyclones, as well as to remove the dependence on storm duration in seasonal 








∫ ∫=  (4) 
where CD is the drag coefficient in the storm, ρ is the air density, V is the wind speed, and 
r is the radius of the tropical cyclone.  In tropical cyclones, V is a function of r.  PDI was 





max  (5) 
where Vmax is the maximum wind speed of the storm.  Emanuel (2005) uses two 
assumptions to reduce PD to PDI:  first, that radial profiles of wind speed in tropical 
cyclones are geometrically similar, and second, that the size of a tropical cyclone relates 
little to maximum wind speed.  While the second assumption is correct (Merrill 1984), 
the first assumption has not been sufficiently evaluated. 
 Towards advancing the indices of hurricane energetics that are associated with 
potential damage, we develop a new methodology for calculating IKE climatology.  This 
new method requires significantly fewer observations relative to previous methods.  It 
uses the radius of gale-force winds as the outer radius of calculation, which leads to an 
IKE that is indicative of the total kinetic energy of the storm. 
A simple, observation and dynamical –based radial wind speed model is used 
with the Extended Best Track data set (Demuth et al. 2006) to calculate IKE for North 
Atlantic Hurricanes from 1988 to 2008.  This study evaluates the wind speed model 
against aircraft reconnaissance wind profiles to justify the approach.  The IKE method 
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presented in this research is then validated against the HRD IKE analyses, and compared 
to the aforementioned traditional indices of tropical cyclone energy (ACE and PDI). 
Chapter 2 describes the data used in this study as well as the radial wind speed model and 
IKE method.  Chapter 3 evaluates both the wind speed model and the IKE results against 
previous methods of tropical cyclone intensity analysis.  Chapter 4 illustrates the benefits 
of IKE relative to traditional indices in terms of characterizing storm energetics and 
relating to storm surge, and Chapter 5 concludes. 
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CHAPTER 2 
DATA AND METHODOLOGY 
 The data required for this research include tropical cyclone size and intensity.  
Information on the size of tropical cyclones is available from satellites, and is virtually 
nonexistent in official observational records prior to the satellite era.  Some information 
(e.g. radius of outer closed isobar) is available on surface weather maps before 1970, but 
was only recorded when tropical cyclones were close to landfall.  The HURricane 
DATabase (HURDAT) was created by HRD.  HURDAT is the official tracking dataset 
for the North Atlantic, and contains 6-hourly tropical cyclone location coordinates and 
maximum 1-minute sustained wind speeds at 10 meters (Neumann et al. 1999).  
However, size is not included in HURDAT for tropical cyclones before the late 1980s.  
The Tropical Cyclone Extended Best Track (EBT) dataset (Demuth et al. 2006) was 
created to supplement the standard HURDAT files with information on storm structure.  
It extends back to 1988 in the North Atlantic and is used in this study as the source for 
tropical cyclone intensity and size. 
Extended Best Track 
 A reliable method of determining tropical cyclone intensity and surface wind 
structure is needed when aircraft reconnaissance (AR) is not used (Demuth et al. 2004).  
Cases for which a tropical cyclone is not a landfall threat or is outside the Atlantic basin 
(the East Pacific being the exception) do not receive AR (Weatherford and Gray 1988).  
In these cases, a subjective approach is used to estimate intensity (Dvorak 1975).  While 
the technique is suitable for purposes of emergency management and preparation, the 
subjective nature makes studying the climatology of storm size and intensity difficult. 
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 The EBT dataset was compiled as a solution to this problem.  It utilizes Advanced 
Microwave Sounding Unit data, which has been qualified as reliable (e.g. Kidder 1979; 
Bankert and Tag 2002).  EBT is comprised of all the fields that are included in the 
HURDAT dataset, as well as critical radii of 34, 50, and 60 knot wind (R34, R50, and 
R64, respectively) in all four quadrants, radius of maximum wind (RMW), eye diameter, 
radius of outer closed isobar (ROCI), and pressure of outer closed isobar.  A modified 
Rankine vortex approach (Depperman 1947) was used in combination with a vector 
proportional to storm motion to determine the asymmetric wind structure, which led to 
the critical radii in the four quadrants. 
 Cases from the 1999 through 2004 Atlantic hurricane seasons in which there is 
AR data were used to create and validate EBT.  80 per cent of the cases were used in 
compiling the best-subsets linear regression models, and 20 per cent were used in 
validation.  Predictors that minimized model error were used in the final EBT model.  
Model statistics, including variance explained (R2), mean absolute error (MAE), and root 
mean square error (RMSE), are listed in Table 2.1.  A more complete description of the 
creation of the EBT dataset can be found in Demuth et al. (2006). 
TABLE 2.1:  Variance explained (R2), mean absolute error (MAE) 
and root mean square error (RMSE) for critical radii in the EBT 
dataset.  Adapted from Demuth et al. (2006). 
 
 EBT is publicly available from NOAA’s Cooperative Institute for Research in the 
Atmosphere.  The dataset is comprised of observational and modeled data for each 6-hour 
observation at 00, 06, 12, and 18 Coordinated Universal Time (UTC) for every tropical 
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system from 1988 to 2008, including tropical depressions, tropical storms, hurricanes, 
tropical waves, tropical disturbances, extra-tropical storms, and remnant lows. 
The IKE calculations presented in this study use the EBT maximum wind speed, 
minimum central pressure, critical wind radii (specifically R34), and translational 
velocity (determined from latitude and longitude fixes) for times when storms were at 
least hurricane strength and over open water.  This limit was chosen based on the 
inability of the radial wind speed model to resolve very weak storms, storms over land, 
and storms that are not tropical in nature (more details regarding the radial wind speed 
model are discussed later in this chapter).  Also, choosing only hurricane-strength 
cyclones ensured that a majority of the observations times would include critical radii. 
Integrated Kinetic Energy Method 
 A modified version of the radial wind speed model from Holland (2008) 
(hereafter H2008) is applied to hurricane-strength storms in the EBT dataset, from which 
kinetic energy can be calculated.  The remainder of this chapter describes in detail the 
kinetic energy calculation and the radial wind speed model. 
 The IKE method presented here depends on horizontal distribution of surface 
wind speed, specifically the radial distribution of the tangential wind.  The total IKE 
calculation is represented in Figure 2.1 using: 
 ∫∫∫= dtrdrdvIKE θρ 22
1  (6) 
where ρ  is air density, v  is the surface wind speed at the specified radius and time step, 
r is the radius, θ  is the azimuth, and t is time. 
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FIGURE 2.1:  Illustration of the method to calculate 
IKE.  θ is the azimuth, r is the radius of the storm, 
and dr is the radius increment over which IKE is 
calculated. 
 
 For each time step in EBT that a storm is at least hurricane strength, a radial wind 
speed profile is calculated using the radial wind speed model H2008, from which IKE is 
calculated via equation (6) with a 1 kilometer resolution along the radius of the storm out 
to the radius of tropical storm strength winds (R34).  IKE can then be integrated over the 
storm life cycle and furthermore, for all of the storms in a particular season.  IKE was 
calculated for 260 hurricane-strength tropical cyclones in the EBT dataset from 1988 to 
2008.  Only 7 hurricanes, which lacked critical wind radii, were eliminated from 
consideration (Table 2.2).  With the exception of Helene 1988, these storms were short-
lived and inconsequential to this study. 
TABLE 2.2:  Storms missing critical wind radii in the EBT database.  




Radial Wind Speed Model 
 There are many empirical pressure—wind (P—W) relationships that have been 
suggested to relate surface winds to the minimum central pressure of a tropical cyclone, 
of which most are in the cyclostrophic form: 
 xm pav ∆=  (7) 
where mv is the maximum wind, p∆  is the difference between the environmental pressure 
and the minimum pressure of the cyclone, and a  and x are empirical constants that can 
be altered to best describe the relationship in certain regions (e.g. Fujita 1971; Atkinson 
and Holiday 1977).  While these P—W models are relatively simple, they capture the 
cyclone wind field remarkably well (Holland 1980, Harper 2002).  A brief description of 
commonly used radial wind speed models is given here, which include the Rankine 
Vortex Model, the modified Rankine Vortex Model, Holland (1980), and H2008. 
The most commonly used P—W model for tropical cyclones has been the 
Rankine Vortex model (RV).  The RV model is a simple fluid flow model which assumes 
the inner core velocity is in solid rotation, and the outer velocity is inversely proportional 






















θ  (8) 
where θV  is the velocity in the direction of θ , oV  is the maximum velocity in the vortex, 
r  is the radius at which the velocity is being calculated, and R is the radius of the 
maximum velocity.  This model has been useful in describing the flow of some 
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atmospheric phenomena (e.g. mesocyclones, tornadoes, tropical cyclones), but is too 
simple to resolve the highly variable structure of a tropical cyclone. 
 A modified Rankine Vortex (MRV) was suggested by Depperman (1947) where 
 =−1Vr  constant (9) 
inside the RMW and  
 DVr X =  (10) 
where 1<X , and generally lies between 0.4 and 0.6.  The MRV approach requires a very 
close approximation of the RMW.  Without such measurements, the MRV could 
substantially underestimate the maximum winds in a tropical cyclone because the general 
profile of the radial winds is calculated incorrectly (Holland 1980). 
Holland 1980 (hereafter H1980) describes a model that is based on an extension 
to the approach of Schloemer (1954).  The model follows basic gradient wind speed 
approximation with a β-parameter, which enables variation in the intensity of pressure 























ppAfrrfrV cng  (11) 
where Vg is the wind speed at some radius r, f is the Coriolis parameter, β is the parameter 
which is used to determine the shape of the profile, pn is the environmental pressure 
outside the tropical cyclone, pc is the central pressure of the tropical cyclone, and ρ is air 
density.  A is another scaling parameter and is defined as 
 βRMWA = . (12) 
 The H1980 model was found to be in close agreement with AR profiles of 
Cyclones Tracy (1974) and Kerry (1979).  The H1980 model is not able to resolve 
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supergradient winds at the RMW, and it is suggested that direct observation of maximum 
winds be used whenever possible. 
Holland (2008) developed a parametric equation for the β-parameter that can be 
applied to the H1980 model.  This parameter was derived first empirically and then 
corrected for latitude, storm development, and translational speed.  The β definition is 




























β  (15) 
where ρ  is air density, derived from the equation of state, e is the base of natural 




∂ is the intensity 
change in hPa h-1, φ  is the absolute value of latitude in degrees, and Vt is the translational 
velocity of the tropical cyclone.  This relationship shows that for a given central pressure, 
the maximum wind speed can vary depending on prior intensity changes, latitude, 
translational velocity, and air density. 
 The method used in this paper is based on H1980 and H2008 with some 
modifications (Personal correspondence: Greg Holland, 2008).  In the modified version 
used here, given a RMW and an outer wind observation, the profile can be constrained by 
observations by allowing the exponent (x) to vary.  For example, the standard exponent 
based on the application of the cyclostrophic wind relationship is x = 0.5.  By allowing 
the exponent to vary based on observations, the profile will fit the peak of the maximum 
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wind, but will not be in balance with the pressure gradient.  This is an advantage over the 
RV and MRV models that could not resolve strong wind speed gradients at the RMW.   
 The variables necessary for H2008 are listed in Table 2.3.  Translational velocity, 
Vt, was determined from the EBT latitude and longitude by using a great-circle distance 










where d is the arc length, R is the radius of the earth (6378 km is used in all cases), iϕ and 
fϕ  are the initial and final geographical latitudes, respectively, and λ∆  is the difference 
between the initial and final longitudes.  Radial wind speed profiles are not calculated for 
the first observation of each hurricane-strength storm in the EBT dataset. 
TABLE 2.3:  Variables necessary for the H2008 radial wind speed model. 
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Environmental pressure is assigned based on climatology from the National 
Centers for Environmental Prediction (NCEP) Reanalysis Data Set (Kalnay et al. 1996) 
which is publicly available.  Climatology was taken for years 1988 to 2008 (Figure 2.2), 
and averaged in 5 degree latitudinal bands which was then supplied to the model based 
on storm location.  SST was estimated to be 27.5º C in all cases.  No attempt is made to 
account for storm life cycle variations or seasonal variations in SST.  Assuming SST 
varies ±2 degrees, this assumption has a negligible impact on wind speed profiles (not 
shown).  Lastly, relative humidity (RH) at the RMW was held constant at 90% for all 
cases.  While RH does vary across the main development region as well as within a 
tropical cyclone, variations (especially in the eye wall) will tend to be small and have 
negligible impact on wind speed profiles. 
FIGURE 2.2:  NCEP sea level pressure reanalysis for 1988 to 2008 in hPa. 
 
 
For each 6-hour storm observation, a radial wind speed profile is calculated to fit 
the recorded maximum wind speed, RMW, and R34.  The radial wind speed profile and 
the subsequent kinetic energy are integrated from the storm center out to R34.  This 
radius was chosen over other tropical storm size conventions (e.g. ROCI, the radius 
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where relative vorticity goes to zero, or RMW) for several reasons.  First, R34 estimates 
are readily available in the EBT dataset for North Atlantic tropical cyclones back to 1988.  
Furthermore, R34 can be considered the boundary between the vortex and its 
environment, i.e. the boundary between environmental wind speeds and tropical storm 




 AR and the HRD IKE analyses are used to evaluate the wind speed model and 
IKE method presented in this research.  Holland (2008) validates a version of the radial 
wind speed model against the Dvorak technique (Dvorak 1974) as well as other wind P—
W relationships.  In this study we evaluate the shape of the profile against in situ AR 
flight-level measurements.  The United States Air Force (USAF) is charged with 
obtaining wind observations for tropical cyclones in the North Atlantic and the East 
Pacific for NHC.  Using a WC-130J aircraft, their mission is to obtain “center fixes” and 
maximum wind speeds in the storm.  They fly an “alpha – 4” pattern (Figure 3.1) that  
FIGURE 3.1:  USAF AR “alpha – 4” pattern.  
The red line signifies the standard flight pattern, 
and the numbers, 1 through 4, represent the 
starting, turning, and ending points of the flight. 
 
allows them to pass through the center of the storm at least twice per mission.  It is rare 
that a USAF AR flight will fly with a leg distance of more than 105nm (approximately 
195 km), and for this reason, evaluation of a wind speed model that extends to the R34 is 
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difficult (U.S. D.O.C., 2008).  These flights typically fly at an altitude of 700 hPa, and all 
AR profiles used here were obtained at this level. 
The relationship between flight-level winds and 10 meter winds is not intuitive.  
The vertical profile of the radial winds shows an increase up to the level of maximum 
wind speed (typically 850 hPa) and then decreases above that.  This phenomenon is due 
to a weakening of the radial pressure gradient, indicative of a warm core system (Powell 
and Black, 1990).  Therefore, wind speeds at the AR flight level are comparable to 10 
meter winds (Figure 3.2), and in some cases could even be weaker. 
FIGURE 3.2:  Generic vertical wind profile for warm-core 
lows (thick black line).  Wind speed increases on the x-axis, 
height on the y-axis.  AR flights typically cruise at 700 mb 
or 3000 meters. 
 
Four tropical cyclones were chosen to illustrate the model’s performance at 
various intensities (Figure 3.3), and four instances of Hurricane Dean (Figure 3.4) were 
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chosen to illustrate the model’s performance for one storm at different intensities.  Dean 
is an interesting case because of the high number of AR missions sent into the storm and 
also the time spent at each of the SSHS categories, which enable the radial wind profiles 
to be calculated accurately. 
FIGURE 3.3:  P—W model profiles of radial winds out to R34 (solid) and associated AR 
profiles (dashed) for Hurricanes (a) Dolly 2008, (b) Dennis 2005, (c) Gustav 2008, and 
(d) Felix 2007.  Wind speeds are given in ms-1 and radial distance in km. 
 
 The correlation coefficient was calculated between the model and AR profiles for 
radius up to 100 km, if available.  Of the cases shown, the average coefficient is 0.91.  
All cases are significant to a p-value of 0.01. 
 Figure 3.3 illustrates the inability to validate the model past a radius of 
approximately 75 km.  It is especially apparent in the cases of Hurricane Dennis (Figure 
3.3b) and Hurricane Gustav (Figure 3.3c) that at this radius, the aircraft began to turn for 
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the next leg of the mission, at which point the AR profile plateaus.  This feature was 
present in all of the cases that were examined, including those not shown.  Verification 
profiles for Hurricane Dean (Figure 3.4) were not plotted further than the radius where it 
began to plateau. 
FIGURE 3.4:  P—W model profiles of radial winds out to R34 (solid) and associated 
AR profiles (dashed) for Hurricane Dean at category 1, 2, 4, and 5 (a, b, c, d, 
respectively).  Wind speeds are given in ms-1 and radial distance in km. 
 
To assess the performance of the IKE method developed here, the HRD analyses 
of IKE were compared for all cases from 2008 in which the HRD IKE analysis is 
available (Figure 3.5).  These included Hurricanes Bertha, Dolly, Gustav, Ike, Kyle, 
Omar, and Paloma.  The variance of HRD IKE explained by this study’s IKE method is 
67%, which is significant to a P-value of 0.01. 
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 Two examples of outliers in this relationship are associated with Hurricanes 
Gustav and Kyle (labeled “A” and “B”).  The Gustav case occurred on August 29th and 
18Z around the time the storm is passing over the island of Puerto Rico.  The P—W 
model used in this study does not perform well over land.  While these instances are rare 
in the results, there are some times, especially in the Caribbean, that storms are 
interacting with land and the model will not perform well.  The second example, Kyle, is 
on September 28th at 00Z, when Kyle was at 35.3º N and slightly extra-tropical.  This 
suggests that the P—W relationship does not match with how HRD analyzed the wind 
field. 
FIGURE 3.5:  IKE method used in this study (x-axis) compared against the HRD 
IKE method (y-axis) for hurricanes in 2008.  A log scale is used to increase the 
magnification of the data at low IKE values.  Points labeled “A” and “B” are 
discussed in the text. 
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 Overall, the model performs well compared to AR winds and the HRD IKE 
analysis method.  The inability of AR to capture R34 diminishes the utility of the HRD 
IKE analysis in evaluating the new IKE calculations.  However, Best Track maximum 
wind speeds are used in the EBT dataset, to which the radial wind speed model is fit.  For 
this reason there is a high level of confidence that the radial wind speed model is 
accurately determining the shape of the wind profiles.  Figure 3.5 illustrates that the new 
IKE method excels when systems are purely tropical in nature and entirely over water.  
Drawbacks to the new IKE method are that the radial wind speed model does not excel 
when the interaction between land masses and tropical cyclones is strong, and when 
systems are in the transitional period between tropical and extra-tropical.  A latitudinal 
cutoff could be implemented, since the Coriolis force tends to enlarge cyclones beyond 
“tropical” sizes as they travel northward. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
IKE was calculated for all hurricane-strength observations in the EBT dataset 
from 1988 to 2008, which includes 139 storms.  The analysis of the IKE method focuses 
on the climatology of IKE, the utility of IKE in the analysis of storm energetics, and the 
utility of IKE in interpreting hurricane destructive potential. 
An example of the importance of hurricane size in determining IKE is illustrated 
using Hurricane Ike of 2008.  Hurricane Ike was a large storm upon landfall, with a large 
IKE value and mean R34 of 375 km.  The temporal variability Hurricane Ike’s maximum 
sustained wind speed and IKE are depicted in Figure 4.1.  The first 5 days of Hurricane 
Ike are characterized by very little variability in IKE and strong maximum sustained wind 
values.  While Hurricane Ike was at its maximum intensity, it was also at its lowest IKE.  
Even though the cyclone was at maximum intensity at this point, it was also in its most 
compact state.  After making landfall on and passing over Cuba (02 UTC on September 
8th), Hurricane Ike grew in size and, since wind speeds were still relatively strong, kinetic 
energy increased.  It can be seen that although the maximum wind speed continued to 
decrease during residence over the Gulf of Mexico, IKE increased to a maximum just 
prior to landfall at 07 UTC on September 13th.  The actual maximum in IKE occurred just 
before the hurricane begins to interact with land on September 12th, at which point it 
began to decrease. 
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FIGURE 4.1:  Time series of maximum wind speeds, IKE, 
and R34 in Hurricane Ike (2008).  Maximum wind speeds 
(black dashed) are on the left y-axis, and IKE (red) is on the 
right y-axis in A (top).  R34 is in green (B, bottom) in km.  
Dates are in UTC, with labels at 00 UTC. 
 
It is hypothesized that Hurricane Ike became so large because of its track over 
Cuba, where land interaction acted to both decrease the intensity of the storm, while 
increasing the aerial size (McWilliams, 1984).  This theory is discussed more later in this 
chapter.  It is probable that Ike’s size led to the incredible destruction that occurred upon 
landfall on Galveston Island. 
In the discussion that follows, observational scale refers to instantaneous 
measurements (ie. 6-hourly observations).  The storm scale refers to integration over time 
when the cyclone was a hurricane.  Finally, the seasonal scale refers to the integration of 
hurricane-strength observations over the entire season.   
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Observational, Storm, and Seasonal Scale Results 
 Figure 4.2 and Table 4.1 show the relationship between IKE and wind speed and 
R34 for U.S. landfalling hurricanes.  The radius of gale-force winds (R34) explains 67% 
of the variance in IKE on a seasonal scale after controlling for the affects of duration.  
This relationship is statistically significant to 99 per cent.  Figure 4.2A portrays a 
quadratic relationship between IKE and R34, which is expected after the integration of  
TABLE 4.1:  Correlation coefficients between R34 and wind speed and the various 
energetics indices use in this study.  Coefficients are calculated on the observational 
scale.  All coefficients are significant to 99%. 
 
equation (12).  This relationship is heteroskedastic with increasing size.  A hypothetical 
explanation for the heteroskedasticity is that as radius increases, the relationship between 
wind and IKE becomes stronger, which causes a lesser impact from R34 at larger sizes.  
However, when the correlation coefficients were calculated after separating the data into 
increments of size (Table 4.2), it became apparent that the relationship between size and 
wind speed is variable.  Table 4.2 contains the correlation coefficients between wind and 
R34 after separating the values into radius bins, the coefficients between IKE and R34, as  
TABLE 4.2:  Correlation coefficients between R34 and maximum sustained 
wind speed, R34 and IKE, and maximum wind speed and IKE for the 




well as IKE and maximum wind speed.  It can be seen that as cyclone radius increases, 
the relationship between IKE and both R34 and maximum wind speed decreases.  
Furthermore, a conclusion of Merrill (1984) was that there is a weak relationship between 
size and intensity (R = 0.34).  However, when doing the same analysis with the EBT 
dataset form 1988 to 2008, it can be seen that this relationship is not homoskedastic with 
increasing size. 
FIGURE 4.2:  Relationship between R34 and IKE (A)and maximum 
wind speed and IKE (B) for U.S. landfalling storms from 1988 to 
2008.  These calculations were done on the observation scale for the 
time when U.S. landfalling storms were hurricane strength. 
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Figure 4.2B illustrates the relationship between IKE and maximum sustained 
wind speeds on the observational scale for U.S landfalling hurricanes.  Immediately one 
can see that observations with moderately strong wind speeds are exhibiting the highest 
values of IKE, indicating that cyclone size is playing a larger role than wind speed in 
IKE.  While the correlation between wind speed and IKE is moderate (R = 0.29, Table 
4.1), the strong relationship between R34 and IKE (R = 0.94, Table 4.1) indicates that 
size is the dominant control on IKE values on the observational scale. 
Storm scale correlations (controlling for duration) are listed in Table 4.3.  Size again 
explains the most variance in both IKE and PD on the storm scale.  Although  
 
TABLE 4.3:  Correlation coefficients calculated on the storm scale.  All coefficients 
were calculated while controlling for duration.  Coefficients with ** are significant to 
99%. 
 
significant to 99 per cent, the correlation coefficient between ACE and mean wind speed 
is only 0.78, and 0.76 for PDI.  Furthermore, the correlation between mean wind speed 
and storm scale IKE is 0.16 (significant to 90 per cent), and while it is still a small value, 
it shows that wind speed is indeed controlling some of the variability in IKE along with 
size, whereas duration and wind speed are controlling all of the variability in ACE.  
Similar results are portrayed in Table 4.4, where seasonal scale correlation coefficients 
are listed.  Both size and wind speed have roles in seasonal IKE, whereas wind speed is 
the variable responsible for ACE and PDI. 
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TABLE 4.4:  Correlation coefficients calculated on the seasonal scale.  All coefficients 
were calculated while controlling for duration.  Coefficients with ** are significant to 
99%, and * are significant to 90%. 
 
Comparing IKE and PD to Traditional Energy Indices 
Figure 4.3 illustrates the comparison between IKE and ACE on both the seasonal 
(A) and storm scale (B).  Figure 4.3b shows the relationship between IKE and ACE when 
controlling for storm duration.  The data in this figure has been normalized by removing 
the mean and dividing by the standard deviation.  The correlation between these two 
variables is R = 0.30 (Table 4.5).  This result is once again a product of IKE being 
controlled by size.  Although duration plays a role in the storm scale comparison between 
ACE and IKE, the inclusion of size in the energy calculation reduces the variability 
explained by duration to 70%. 
The time series of seasonal IKE and ACE is illustrated in Figure 4.3A as well as 
Table 4.5.  Note that in Figure 4.3A, the y-axes are specific to the variable, and the ACE 
in these figures are calculated only when storms are hurricane strength in order to be 
comparable to the IKE calculation.  Duration plays a large role in both ACE and IKE on 
the seasonal scale.  The conclusion can be drawn that IKE and ACE are in fact different 
on seasonal time scales, which is also evident in the correlation coefficient of 0.02 (Table 
2.2).  It is important to note years where ACE increases and IKE decreases, or vice versa 
(e.g. 1995 to 1996, 2004 to 2005, and 2006 to 2007).  This result suggests that for  
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FIGURE 4.3:  (A) Time series of ACE (grey) and IKE (red).  Y-axes are 
specific to the variable.  (B) Comparison of storm scale ACE and IKE.  
Values in B have been normalized and controlled for duration. 
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TABLE 4.5:  Correlation coefficients for IKE, ACE, PD, 
and PDI on the seasonal and storm scale.  Coefficients are 




FIGURE 4.4:  PDF of R34 (A, blue) and RMW (B, orange) in 
kilometers (bars) compared to theoretical normal distributions (line) 
with the same mean and standard deviation.  Skewness and kurtosis 
of the data distributions are labeled in the upper right hand corner. 
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seasonal climatology studies, the inclusion of size is important and necessary to fully 
understand the variability of tropical cyclone energetics. 
In deriving PDI, Emanuel (2005) makes the assumption that “variations in storm 
size would appear to introduce random errors in an evaluation of equation (4) that 
assumes fixed storm dimensions” (i.e. storm structure is normally distributed over a large 
number of observations).  To test this hypothesis, the distributions of R34 and RMW, 
which are variables of storm structure, are compared to theoretical Gaussian distributions 
















xxp  (17) 
where p is the probability, μ is the mean, σ is the standard deviation, and exp is the 
exponential function. 
Figure 4.4 depicts the comparison between the theoretical normal distribution and 
the distribution of both R34 (A) and RMW (B).  The distributions are not normal by a 
visual comparison, nor by a chi-squared test of normality.  This result is strengthened 
when comparing the skewness and kurtosis of these distributions to normal values of 1 
and 3.  These moment values are indicative of a variable storm structure that is missed 
when a constant storm size is used in the calculation of PDI.  The errors introduced in the 
PDI calculation due to variability in storm size are not random, and so it is suggested that 
PDI is not a good indicator of PD. 
Figure 4.5A is the time series of PD versus PDI.  Note again that the y-axes are 
specific to the variable, and the PDI in these figures are calculated only when storms are 
hurricane strength in order to be comparable to the PD calculation, analogous to the 
comparison between ACE and IKE (Figure 4.3).  Seasons in which PDI increases and PD  
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FIGURE 4.5:  (A) Time series of PDI (grey) and PD (blue).  Y-axes are 
specific to the variable.  (B) Comparison of storm scale PDI and PD.  
Values in B have been normalized and controlled for duration. 
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decreases, or vice versa are of particular interest, and exemplify the influence of radius on 
the seasonal scale.  After standardization, the trend in PDI is 0.06, whereas the trend in 
PD is 0.02 (these results are true for ACE and IKE, as well).  A Monte-Carlo analysis 
was used to test whether these trends are significantly different, and they are not.  
However, this is most likely due to the small number of seasons in the study (21).  PDI 
and PD are statistically different on the seasonal time scale, with a correlation of 0.20.  
On the storm scale (Figure 4.5b), it is notable that the correlation between PD and PDI is 
larger than the correlation between ACE and IKE (Table 4.4, R = 0.48; significant to 
99%), which is likely due to the cubed velocity term in both the PD and the PDI 
calculations.   
Destructive Potential 
 The destructive potential of a storm has been difficult to predict, with category 2 
and 3 storms such as Katrina (2005) and Ike (2008) doing as much, if not more, damage 
than Category 5 hurricanes (e.g. Camille (1969) and Andrew (1992)).  The variable that 
has been neglected in projecting storm damage has been size.   
Figure 4.6 is a joint probability density function (JPDF) between IKE and wind 
speed for U.S. landfalling storms from 1988 to 2008.  It can be seen that category 3 
hurricanes have the highest values of IKE.  It is suggested that the Gulf of Mexico 
coastline is particularly susceptible to these occurrences for two reasons.  First, the 
location of the Caribbean Islands and Florida play a role in the size of storms as they 
track from the main development region into the Gulf of Mexico.  Interaction with land, 
although acting to decrease the intensity of the storm, also acts to extend the wind field.  
McWilliams (1984) studies the evolution of two-dimensional geostrophic turbulent flows  
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FIGURE 4.6  JPDF for U.S landfalling storms.  Shading represents the 
number of occurrences, and SSHS categories are labeled and partitioned 
over the plot in thick grey lines. 
 
and the reaction to frictional strain.  It was found that as a vortex undergoes a strain (such 
as a tropical cyclone undergoes when passing over a large body of land), enstrophy is 
transferred to larger scales.  This leads the vortex to decrease in intensity while increasing 
the energy field.  Examples of this phenomenon are Katrina (2005), Gustav (2008), and 
Ike (2008), where interaction with land, while weakening the cyclone intensity overall, 
extended the wind field and thereby the energy of the cyclone. 
Second, the bathymetry in the Gulf is such that storm surge seems to play a larger 
role in tropical cyclone damage than wind or rain rate.  Studies that attempt to model 
storm surges from landfalling tropical cyclones include the structure of the continental 
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shelf, as well as coastal geography such as bays, deltas, and barrier islands (e.g. Resio 
and Westerink, 2008; Jain et al. 2006).  Because of its bathymetry and generally low-
lying coast, the Gulf of Mexico is particularly susceptible to storm surge, which has been 
apparent in recent Gulf landfall events. 
FIGURE 4.7:  Comparison of maximum recorded surge heights to IKE (A) and maximum 
wind speed (B) for storms making landfall in the West Gulf region (defined in text, 
illustrated in Figure 4.8).  Surge is in feet and maximum wind speed is in knots.  Correlation 
in A is R = 0.73 (p = 0.007) and R = 0.44 (p = 0.15) in B. 
 
Figure 4.7A shows the relationship between mean storm IKE with the associated 
maximum recorded surge height for hurricanes that made landfall in the Western Gulf 
region, which is defined approximately from Brownsville, TX to Pensacola, FL.  Storms 
that had surge records available in NHC storm reports were used in this analysis, and 
associated tracks are illustrated in Figure 4.8.  The correlation between surge and IKE is 
R = 0.73, which is statistically significant with a p-value of 0.007.  Given the 
inconsistency and general lack of storm surge reports, it is hard to draw a confident 
conclusion from this analysis.  However, it is suggested that for storms making landfall in 
this region, IKE, and more generally, storm size, could be good indicators of storm surge 
and potential destruction more so than intensity or SSHS as shown in Figure 4.7B.  The 
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combination of location, average storm track into the region, and bathymetry could cause 
this region to be particularly susceptible to large storms with high values of IKE. 
FIGURE 4.8  Tracks of storms making landfall in the “West Gulf” region from 1988 
to 2008.  Only storms which were hurricane status upon landfall and which had 
recorded surge values were used.  Color points represent Best Track times when the 
cyclone was a tropical depression (TD, green), tropical storm (TS, yellow), 
hurricane (HR, orange), and major hurricane (MHR, red).  The grey lines are the 





 This analysis has presented a method for hurricane integrated kinetic energy 
(IKE) that utilizes a simple, verifiable wind speed model.  The model is capable of 
analyzing storms with minimal information (and does not require detailed wind 
measurements from aircraft reconnaissance) that includes only location, central pressure, 
maximum wind speed, and two critical radii. 
 The method presented in this research has been validated against AR flight-level 
wind speed profiles as well as the HRD kinetic energy  method (Powell 2008).  When 
compared to flight-level winds, the radial wind speed model was shown to perform well 
out to 75 kilometers.  Furthermore, a comparison between this IKE method and times 
when the HRD IKE method is available shows that this model performs well, even with a 
lack of high-resolution wind field information. 
 While ACE and PDI have been the indices of choice in seasonal energy studies, it 
is suggested that these traditional indices be replaced with a method that accounts for the 
size of tropical cyclones.  When compared to IKE on both the seasonal and storm scales, 
it has been shown that ACE and PDI are inaccurate measurements of hurricane 
energetics, and the assumptions that they are based on are not valid. 
 Furthermore, it has been shown that the storms with the largest values of IKE are 
only moderately strong on the SSHS and have the potential to do the most damage, as in 
the case of Hurricane Ike of 2008.  While wind speed should be taken into account when 
preparing for hurricane landfall, it is important to relay the size information as well, as 
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this not only influences the scope of damage, but also could play a significant role in 
storm surge. 
 Improvement on the current model could be made in the following ways.  First, a 
consistent, global, infrared-based size dataset is necessary in order to use this model for 
climatology studies.  While the EBT data set and HURDAT are useful in the Atlantic and 
East Pacific regions, AR is not used in the Northern Indian Ocean, for example.  Hence, it 
is necessary to create a tropical storm size model that uses infrared satellite information, 
which can then be trained and validated against AR from regions where it is available.  
Consistency would be of the ultimate importance in this dataset; only information that is 
common among all basins should be used in order to assure continuity among all years 
and all regions. 
 Lastly, given the potential of IKE as a predictor of destruction, efforts should be 
made to transform this method into an operational IKE forecast model.  In order to do 
this, we must understand what controls the size of a tropical cyclone.  A statistical and 
potentially dynamical size model can be created to essentially feed size information to the 
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